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SPARK-TIMING CONTROL BASED Oh- ‘CORRELATION OF MAXIMUM-ECONOMY SPARK 
TIMING, FLAME-FRONT TRAVEL, AND CYLINDER-PkESSURE RISE-- 

- By HARVEY A. COOK, ORVILLE H. HEINICICE, nnd WILLIAM H. HAYNIE 

SUMMARY 

An investigation was conducted on a full-scale &r-cooled 
cy%ncZer in order to estublish an effective means of muintuin- 
ing maximum-economy spark timing with, varying engine 
operating conditions. Variable fuel-air-ratio runs we’re con- 
du~cted in w,hich relutions were dd~rnzinea! betwaan the xputA 
fim hag und the basic fucfors iv e9lgine o~~~~tio~~, fluttt p-ft*o,tl t 
fra ve I, and c ylin.der-y?~ess~t~e rise. 

Art. itt.s+t~tttPttt fotz cotttrolling njtotdc tittti,tlg wus dQ1~Ql0p~d 

tltcit c~ittottiatirolljj ttrcrit~toitlrr? ttruzittl tot!-crottotnjy sput4: 
titt;*ittq 7iqith vutyitty rtrgitlc, olt~tutittg cotitlitiotb~. The itl- 
SttWttlQtlt crlso itidicutfd t/IQ O('C'lO't'QtlCQ of ltt’rigtlitio7i. 

INTRODUCTION 

The main factors that are consiclered in the selection of 
the spark timing for an engine are fuel economy and knock- 
limited performance. The maxiniunl fuel-economy spark 
timing becomes relatively nlore significant, whell the knock- 
limited performance of the fuel is increased. Engines with 
a fixed spark t.iming are often operated under conditions 
where a more advancetl spark timing would give a con- 
siderable inlprovement in fuel economy. For this reason, 
means of varying the spark timing are sometimes used but 
even then the selection of the best spark timing with varying 
engine operating conditions is a problem. 

In this investigation conducted at the NACA Cleveland 
laboratory in 1946-4’7, relations between the spark timing and 
the basic factors in engine operation (flame-front travel and 
cylinder-pressure rise) were determined in order to establish 
an effective means of maintaining maximum-econollly spark 
timing with varying engine operating conclitions. 

The application of the finclings in this investigation affords 
a convenient means of auton~atically maintaining maximum- 

economy spark timing with varying engine operating condi- 
tions. ’ An automatic spark-timing-control instrument is 
clescribed in the appendix. 

APPARATUS AND PROCEDURE 

A full-scale air-cooled cylincler was usecl in the CUE setup 
describecl in reference 1. The crank angle of maximum rate 
of pressure rise Br was measui~etl 011 :I diagram of time and 
rate of pressure change producetl ON an oscilloscope by the 
signal from a inng!:netostl.ictioll knock l~ickup in the cylinder 
head. Tinling marks were produced on the oscilloscope by 
means of electric iinlmlses generated iii a pair of coils 
mounted on a carriage near the flywheel. The coils had a 
common magnetic circuit coniprisetl of soft iron cores, a 
perniaiient magnet, and an air gap. Steel lugs projecting 
from the periphery of the flywheel passed through the air 
gap. The carriage for mounting the coils traveled on a seg- 
ment of circular track, which was concentric with the fly- 
wheel. h pointer on the carriage indicated the angular posi- 
tion of the coils relative to engine top dead center. Measure- 
liieiii of f3,, consistetl iii moving tlie carriage until a timing 
niark coiiicidecl wit11 tlie peak 011 tlie oscilloscope diagrain, 
which indicated tlie iiiasiiiiuiii rate of pressure rise. 

A sl~~~~l~-col~trol instrument clesrrihecl in the appendix was 
iised. ‘I’lic sl~i*k tiniiiig was iiinl~~~;~lly controlled iii runs 
where 19~ was held constant. Automatic control of spark 
t,imiiig was used iii runs where the crank angle of passage of 
the flanie front, past an ionization gap was held constant. 

The ionization gap consisted of a spark plug that was 
motlifietl by extending the electrodes to form a gap 0.025 inch 
wicle abollt % inch inside the combustion chamber. When 
the ionization gap was used, the knock pickup was removecl 
from the cylinder head and the modified spark plug was 
niomitetl in its place. The hole for mounting the knock 
pickup and the ionization gap was located in front of the 
cylinder midway between the front spark plug and the intake 
valve. 

The ignition system for the engine was so connected that 
the magnetos for the front and rear spark plugs operatecl on 
one set of primary-circuit contact points. Therefore, the 
spark timing for the f rant and rear spark plugs was the same. 

A series of variable fuel-air ratio, constant air-flow runs 
was concluctecl with the spark timing manually adjust-ed to 
maintain 8,. constant at 3” B. T. C., 3” A. T. C., 11” A. T. C., 

1 
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and 15” A. T. C. A second series of variable fuel-air ratio, 
constant air-flow runs was conducted with the spark-timing- 
control instrument set to maintain constant the crank angle 
at which the flame front passed the ionization gap. In the 
second series of runs, the instrument was set to give the 
same spark timings at a fuel-air ratio of 0.085 as were found 
in the first series of runs. 

200 

I I I I 

\, 
\A 

( ( 
.04 46 A78 .I0 ./2 .04 .06 .05 .I0 .I2 

Fuel-air ratio 
(a) Spark timing manunlly controlled for constant crank angle of maximum 

rate of pressure rise 0,. 
(b) Spark timing notomntically controlled for constant crank angle of lmssnge 

of flame front at ionization gap. 

Fronnu: I.-Comparison of engine performance with spark timing manually 
controlled to maintain constant crank angle of maximum rate of pressure 
rise 0, and with spark timing automatically controlled to maintain con- 
stant crank angle of passage of flame front at ionisation gap. (Faired 
curves in figs. 1 (a) and 1 (b) are same. Runs of fig. 1 (b) were conducted 
with automatic spark-timing control set to give same spark timing at 
fuel-air ratio of 0.085 as was obtained in runs of 5g. 1 (a).) 

RESULTS AND DISCUSSION 

Data obtained with spark timing manually controlled to 
maintain constant various crank angles of maximum rate of 
pressure rise are shown in figure 1 (a). Data obtained with 
automatically controlled spark timing to give constant crank 
angle of passage of the flame front by the ionization gap are 
shown in figure 1 (b) . The curves of figures 1 (a) and 1 (b) 
are the same. The matching of the data obtained in the two 
series of runs shows that Or is constant when the crank angle 
of passage of the flame front by the ionization gap is con- 
stant. This result shows that a direct relation exists between 
0,. and flame-front travel. 

The relation of indicated specific fuel consumption t.o 0,. for 
various fuel-air ratios is shown in figure 2. (Data were 
extrapolated to include a fuel-air ratio of 0.04.) Lines of 
constant spark timing are also shown. Obviously, spark 
timing must be advanced to achieve the low indicated specific 
fuel consumptions that are possible with very lean mixtures. 
The data show that, for any fuel-air ratio, maximum- 
economy spark timing occurs when Or is 3” A. T. C. Because 
the spark-timing-control instrument can maintain 8,. constant 
at 3O A. T. C., the instrument can be used to maintain auto- 
matically maximum-economy spark timing when engine 
operating conditions are varied. This automatic control of 
spark timing can be used to advantage in conducting fuel or 
engine investigations. 

Two engine operating variables that have a great effect on 
spark timing for maximum fuel economy are (1) the degree 
of dilution of the incoming charge by residual gases and 
(2) the use of internal coolants such as water. These vari- 
ables were not included in this investigation; however, data 
in which the relation of exhaust pressure to inlet-air pres- 
sure was varied (reference 2) and unpublished data from in- 
vestigations with various water-fuel ratios show that the re- 
lation of maximum-economy spark timing to 8, of 3” A. T. C. 
is unaffected by these two variables. Data from reference 2 
show that engine speed, compression ratio, and inlet-air tem- 
perature do not affect the relation. Even when operating 
with only one spark plug firing the same relation existed. 

The percentage increase in fuel consumption when using 
constant spark timing or constant 0,. compared with operation 
at maximum-economy spark timing (&=3” A. T. C.) is 
shown in figure 3. Constant spark-timing data show large 
variations in percentage increase in fuel consumption over 
the minimum obtainable at each fuel-air ratio. Operation 
at constant 0r results in an almost constant percentage in- 
crease. For example, during operation with a 8, of 
11” A. T. C., the average percentage increase in fuel con- 
sumption was about 2 percent (varies from 1.4 to 2.4 percent) 
over the range of fuel-air ratios. 
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The spark-timing curves in figure 2 show that the time of fuel-air ratios (0.06 to 0.10) is significant. The combined 
interval measured in degrees of crankshaft rotation between effect of maximum rate of combustion and proper timing of 
the spark timing and 0,. varied considerably. This variation pressure rise appears to give maximum fuel economy. These 
in time (fig. 4) indicates changes in rate of flame-f rout travel results are consistent with theory in that maximuiii power 
or rate of combustion because there is a direct relation be- should result with constant volulne burning at top dead 
t,ween 0,. and flame-front location. center. 

For each fuel-air ratio, a spark timing exists that gives the 
maximum rate of combustion as indicated by the minimum 
time from spark timing to tQ. The coincidence of this spark 
timing for maximum rate of combustion with the maximum- 
economy spark timing (O,.=S” A. T. C.) for most of the range 

The advance of the maximum-economy spark timing for 
lean mixtures (below 0.06) beyond the spark timing for 
minimum time from spark to 8,. is probably due to slow 
burning during initial stages of combustion caused by the low 
degree of compression of the charge. 
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.04 .05 .06 .07 .08 .09 ./u ./a 
Fuel-oit- ratio 

APPLICATION OF RESULTS TO MULTICYLINDER-ENGINE 
OPERATION 

The iiietllocl for autoiiiatically controlling the spark timing 
to nlnilltaill constant 6,. :ls described for a single-cylinder 
engine can be al~l~liecl to multicylinder engines. Magneto- 
striction knock l)ickups in the cylinder heads of a multi- 
cylinder ellgine, for example, collld be nsecl not. only to in- 
dicate w-hen knock occws but also to trigger an instrmnent 
for autoiiiatically controlling or. Then iiiasinlmn-economy 
spark timing could be antonlatimlly nlnintaincd when the 

.05 06 .07 .oa .a9 ./o .II ./P 
fuel-oir ratio 

Frcuns 4.-Variation in crank rotation between spark timing and time of 
mnsimun~ rate of pressure rise with fuel-air ratio for constant spark timing 
and for masimum-economy slxu’k timing. (Cross plot from fig. 2.) 

fuel-air ratio or other engine operating conditions are varied. 
Iii addition, the same iiist~~uiientatiou could actuate a warn- 
ing signal to indicate the o(:curreiice of preignition. 

SUMMARY OF RESULTS 

The following results were obtainecl from experimental 
data on a full-scale air-coolecl cylinder in the investigation 
of the relations between mnximum-econollly spark timing, 
flame-front travel, and cylinder-pressure rise : 

1. n4asimum-econollly spark timing occuri~ed K-hen the 
crank angle of maximum rate of pressure rise KG 3” A. T. C. 

2. Maximuni rate of pressure rise and tile travel of the 
flame front were clirectly relatecl. 

3. For fuel-air ratios between 0.06 and 0.10, the highest 
rate of flaine travel occwrecl when the crank angle of ninxi- 
lnulll mte of pressure rise was 3” A.T.C. 

4. Ail iiistrmiieilt for controlliiig spark t.iniing was de- 
veloped that antomatically niniiitaiiied inaxirnnm-economy 
spark tinliiig wit11 varyin, (y engine operating ~oiitlitions and 
indicated the occurrence of preignition. 
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APPENDIX 

DESCRIPTION OF SPARK-TIMING-CONTROL INSTRUMENT 

The automatic spark-timing control (fig. 5) consists of 
two parts : The control unit, which contains the trigger cir- 
cuit and amplifier, and the servo unit, which contains the 
magneto-breaker ‘plate driven by a motor, a position trans- 
mitter, and iimit switches. 

The breaker plate is removed from the magneto and mount- 
ed on a shaft, which is alined with the magneto camshaft 
but is not coupled to it. The shaft on which the breaker 

plate is momlted is driven by a two-phase induction motor 
through a worm gear and wheel with a reduction ratio of 
100 : 1. The position transmitter is driven directly from 
the motor shaft through a spur gear with.an over-all reduc- 
tion ratio of 6 : 1. An arm on the breaker-plate shaft actu- 
ates limit switches at both extremes of travel of the breaker 
plate. The servo uait is bolted to the &er side of the 
magneto momlting pad. 

One phase of the motor is energized directly from a 110- 
volt alternating-current line. The second phase is energized 
by the output of a standard commercial amplifier, which 
utilizes a vibrator to convert a direct-current input signal 
to alternating current before amplification. A selector switch 
determines which of two available signals (manual or auto- 
matic) is to be fed t,o the amplifier. Both input signals are 
of the order of 10 millivolts direct current. A fixed “buck- 

ing” voltage of the same order of magnitude, that is, 10 
millivolts, opposes the input signal. W71ien the input signal 
equals the bucking voltage, the amplifier output is zero j 
therefore, the motor is at rest and the system is at balance. 

Manual control of spark timing is achieved by varying the 
manually controlled battery voltage above or below the 
bucking-voltage level mltil the desired spark timing is 
reached. 

. 
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Automatic control of spark timing is achieved by means 
of a thyratron trigger circuit. The circuit (fig. 6) consists 
essentially of a vacuum tube ( 6~5, triode) in series with a 
thyratron (884). The thyratron is shunted with a 50,000- 
ohm resistor, which completes the series circuit through the 
triode when the thyratron is extinguished. In normal op- 
eration the thyratron is biased below its firing point. During 
the time of passage of the flame front, the ionization gap in 
the combustion chamber breaks down and applies a positive 
firing voltage on the grid of the thyratron allowing the thyra- 
tron to conduct current. An engine-driven smit,ch set to close 
momentarily at about 100” A. T. C. applies a negative im- 
pulse to the grid of the triode driving it to cut-off, which 
breaks the circuit ancl ext.inguishes the thyratron. The 
triode conducts current as soon as the biasing switch opens 
and the circuit returns to normal operation. 

110 v a c 

s,, power to trallsforln~r 
S,‘. Grid basis roltugc for tli~ratron (884). scco~~d circuit of double-lwle switch 
Si,.Power to xml)lifier and motor 
S2’, Bridge circuit, second circuit of double-11olc switch 
Ss’. Power to in(lic;ltor nlld &’ 
Sa’, Bridgr circuit. swontl circuit of cloublvllole switch 
S,, Selector for automatic or manual eontml of slxuk timing 
Sr., Engine-driven switch set to close momentnrily at alq~rosinmte1.Y 1OO0 

A. T. c. 
S,,, Limit smitcah for mnsimum slbarli :idranro 
ST, Limit switch for minimum spark admncc (indicates orcurre~~ce of llrc- 

ignition) 

FIourts G.-Electric circuit for spark-timing-control instrument. 

Successjve firing and extinguishing of the thyratron pro- 
cluces a square-wave voltage of constant amplitude across 
a lO,OOO-ohm resistor in the cathode circuit of the thyratron. 
The length of time during which the thyratron conducts cur- 
rent depends upon the point at which it is fired by the ioniza- 
tion gap ; therefore, the width of the positive portion of the 
cycle is a function of the position of the maximum rate of 
pressure rise. The direct current that results from filtering 
the direct-current square wave is the second of the two signals 
that may be fed into the amplifiers. 

The input polarity and the direction of rotation of the 
motor are such that as the ionization gap tends to break down 
sooner, the spark is retarclecl until the point of maximum 
rate of pressure rise returns to its original position and the 
system is rebalanced. Conversely, as the gap tends to break 
clown later, the spark is advanced until balance is restored. 

Limit switches so open the plate circuit of the proper power 
output tube of the amplifier that motor travel in either clirec- 
tion is restricted but the motor can reverse and travel in the 
opposite direction. These limit switches also control warn- 
ing lights on the instrument panel. The warning light., which 
shows that the spark timing is fully retarclecl, can be usecl 
to inclicate preignition of the engine. 

The functioning of the instrument as a preignition indica- 
tor is possible because when preignition occurs the crank 
angle of maximum rate of pressure rise 8,. is advanced con- 
siderably and the spark timing no longer controls the time 
of combustion. The instrument for controlling the spark 
timing therefore acts to retard the spark and proceeds to the 
limit of its travel. The reaching of this limit is indicated by 
the warning signal (a light marked “preignition” on the in- 
struiiiei>t, ,fig. 5). 

Spark timing is shown on the instrument panel by the 
position indicator, which is electrically driven by the position 
tlX~lSlllitte~ geared to the lllotor Shaft.. 

Originally the thyratron was t.o be triggerecl by the out- 
put of a magnetostriction-type knock pickup ; ho\vever, this 
method was not usecl because it necessitatecl use of an 
iIClClitiOll:~l amplifier. If the knock pickup were used, the 
instrument wonltl be directly controlled by the crank angle 
of iiii~xiiiiuin rate of pressure rise. 
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Posi t ive d i rec t ions  of  a x e a  a n d  a n g l e s  ( forces a n d  m o m e n t a )  a r e  showt i  by  B I T O W B  

D e & n a t i o n  
. . 

M o m e n t  a b o u t  ax is  A n g l e  Veloc i t ies  

L i n e a r  
Poe i t i ve  
d i rec t ion  

Dpk !~ -  

L  ‘~  Y A Z  R o l L  _ _ _ _ _ _ _ _  9  u  P  
z-x P i toh  _ _ _ _ _ _ _  0  e  ‘P  
X-Y .  Y a w  - - - - - - - -  * W  t 

A n g l e  o f set o f c o n trol s& fa c e  ( re lat ive to  n e u tral 
posi t ion) ,  1 3 . ( Ind icate sur face by  p r o p e r  subscr ipt . )  

-4.  P B O P E L L E B  S Y M B O L S  

D  D i a m e te r  
P  G e o m e tric p i tch 
P lD P itch  r a tio  
V ' In flo w  vekcity 

P  P o w e r , abso lu te  c o e fficie n t G = --$p  

0 , S p e e d - p o w e r  c o e fficie n t=  

V , S l ipstrekm velocity r l  E fficiency  
T Thrust ,  abso lu te  c o e fi icient G = - $ &  I&  Revo lu t ions  p e r  s e c o n d , rps  

*. 

Q  Q  T o r q u e , abso lu te  coe5c ien t U q = -  cp  . E ffect ive hel ix  a n g l e  =  ta n - ’ .~  _  ,..-. - - - -  
.p n fP -  ..,, .-:., /,. T m  

._  ,. .-I 
5.  N U M E B I C A L  B E L A T I O N S  

1  h p = 7 6 .0 4  kg -m /s= 5 6 0  ft-lb /se e  1  l b = O .4 5 3 6  kg  
1  m e tric h o r s e p o w e r = 0 1 9 8 6 3  h p  1  k g = 2 .2 0 4 6  lb-  
.1  m p h = O .4 4 7 0  m p s  1  m i= l,6 0 9 .3 5  m = 6 ,2 8 0  ft 
1  m p s = 2 .2 3 6 8 ‘ m p h  1  m = 3 .2 8 0 8  ft 


